passed its perihelion at 0.17 AU. Abundant remote observations offer plenty of information on the neutral composition and neutral velocities within 1 million kilometers of the comet nucleus. In early February, the Ulysses spacecraft made an in situ measurement of the ion composition, plasma velocity, and magnetic field when passing through the distant ion tail and the ambient solar wind. The measurement by Ulysses was made when the comet was at around 0.8 AU. With the constraints provided by remote and in situ observations, we simulated the plasma environment of Comet C/2006 P1 (McNaught) using a multi-species comet MHD model over a wide range of heliocentric distances from 0.17 to 1.75 AU. The solar wind interaction of the comet at various locations is characterized and typical subsolar standoff distances of the bow shock and contact surface are presented and compared to analytic solutions. We find the variation in the bow shock standoff distances at different heliocentric distances is smaller than the contact surface. In addition, we modified the multi-species model for the case when the comet was at 0.7 AU and achieved comparable water group ion abundances, proton densities, plasma velocities, and plasma temperatures to the Ulysses/SWICS and SWOOPS observations. We discuss the dominating chemical reactions throughout the comet-solar wind interaction region and demonstrate the link between the ion composition near the comet and in the distant tail as measured by Ulysses.
INTRODUCTION
Comet C/2006 P1 (McNaught) passed its perihelion at 0.17 AU on 2007 January 12, ejecting volatile and refractory materials at a rate several times larger than comet Halley during its last apparition in 1986. As usual, many observers monitored the comet and made abundant data available. Russo et al. (2009) studied the relative abundances of eight parent volatiles (H 2 O, CH 4 , C 2 H 2 , C 2 H 6 , HCN, CO, NH 3 , and H 2 CO) and two daughter species (OH and NH 2 ), which were obtained from high-resolution infrared observations two weeks after the comet's perihelion passage when it was at a heliocentric distance of 0.53-0.55 AU. Since the meters-thick outer layers of the comet's nucleus would have been lost during the preperihelion passage, the near and post-perihelion composition of the coma is thought to be representative of the comet's pristine composition. Such studies constrain the formation region of the comet and its temperature. Biver et al. (2011) performed a similar study of OH, HCN, HNC, CS, and CH 3 OH obtained by spectroscopic radio observations. In addition, Combi et al. (2011) applied their inversion method to the SWAN images of the hydrogen coma from 1.05 AU before perihelion to 1.84 AU after passage, to extract the daily water production rates of the comet. In early February, the Ulysses spacecraft measured the ion composition in situ, serendipitously passing through the distant ion tail while the comet itself was at roughly 0.8 AU and Ulysses at 2.4 AU (Neugebauer et al. 2007 ).
Most previous studies had modeled the cometary plasma environment for comets at heliocentric distances near 1 AU (see Ip 2004 and Gombosi 2015 and references therein) . Some more recent studies have modeled the cometary plasma environment for weak comets at a range of solar distances, from 0.3 (Jia et al. 2009 ) to 3.2 AU, Rubin et al. 2014) . A recent multi-fluid study has modeled the plasma environment around a Sun-grazing comet at 0.005 AU, in novel conditions that are below the solar wind sonic point (Jia et al. 2014) .
In this paper, a multi-species MHD model is applied to the comet McNaught, to calculate the cometary plasma distribution throughout its apparition around the Sun including the portion of the orbit near its very small perihelion distance of only 0.17 AU and during the Ulysses encounter with its very distant ion tail to constrain the modeled ion abundances by the available Ulysses measurements (Neugebauer et al. 2007 ).
Models and model input parameters are briefly described in the following Section 2. In the Section 3, modeled bow shock standoff distances and contact surface standoff distances of comet McNaught over a wide range of heliocentric distances are presented. The modeled results are also contrasted with analytic solutions. Furthermore, the underlying assumptions of the analytic solutions are discussed to better understand the physics of the solar wind-comet interaction. In addition, results of water group ion abundances, proton density, plasma velocity, and plasma temperature from the multi-species comet MHD model are shown and compared with the Ulysses observations. Along with the chemical composition results, the dominant chemical reactions near the nucleus and in the tail are discussed.
METHODOLOGY

Parameters used in Modeling the
Comet-solar Wind Interaction
In our model, the solar wind flows through the coma, which can be ionized and loaded into the solar wind stream, and plasma structures (i.e., bow shock, contact surface, magnetic tail, etc.) are formed around the comet as a result of this interaction (Gombosi 2015) . For simplicity, the incoming solar wind flow does not change with time in our model so that a steady state solution can be reached. According to the Ulysses observations (from 2006 February), we assume that the solar wind speed is 780 km s −1 and temperature is 10 5 K as the upstream solar wind condition for all cases and the magnetic field follows a Parker spiral. We pick a typical fast solar wind value for the solar wind density, which varies as 1/r 2 , where r is the heliocentric distance. Parameters for the solar wind conditions are listed in Table 1 .
In addition to the solar wind conditions, the cometary neutral gas production rates and ionization rates, which control the rate by which cometary ions are loaded into the solar wind, play a major role in the interaction. The H 2 O production rates and neutral velocities varying with heliocentric distances, which are obtained from the radio, IR, and the Solar and Heliospheric Observatory/SWAN observations are also listed in Table 1 . In a single-species model, only one single rate is used to describe the neutral density decay and cometary ion productions. However, a multi-species model is able to take the density distributions of various neutrals (e.g., H 2 O, OH, O, H, CO, CO 2 ) calculated by the Haser model as the neutral background, which supplies ions to the solar wind flow via photo-ionization and charge exchange. The production rates of parent species CO and CO 2 are obtained from observations and estimates from this and other comets. Russo et al. (2009) reported the CO/H 2 O ratio was 1.8% while radio observations by Biver et al. (2011) yielded 3% ± 1%. Ootsubo et al. (2012) estimated the CO 2 /H 2 O ratio, which can range from 4% to 20%. According to some arguments by A'Hearn et al. (2012) regarding chemical evolution in the early solar nebula, CO and CO 2 could be somewhat anti-correlated. So if the CO fraction is low then CO 2 could be somewhat higher. Therefore, we use 3.5% as the CO/H 2 O ratio to calculate the CO production rate and 10% as an estimate for CO 2 /H 2 O in the multi-species model. In previous single species models, the ionization rate and the total destruction rate of neutrals were assumed to be 10 −6 s −1 at 1 AU, and this single number was then used in the Haser model to provide the neutral density distribution. The multi-species model applies all major photo-ionization and photo-dissociation rates into the Haser model to provide the density distributions of various neutral species. The reference reaction rates at 1 AU are listed in Table 2 .
Multi-species MHD Model Description
Developed from a single fluid MHD model (Jia et al. 2007; Rubin et al. 2009 ), our multi-species model is based on the BATS-R-US (Block Adaptive Tree Solar-wind Roe Upwind Scheme) code (Powell et al. 1999; Tóth et al. 2012 ), but allows each of the ion species to have its own density, while the velocities and temperatures are averaged assuming the ion species are tightly coupled. The case of comet C/2008 P1 (McNaught), a productive comet at moderate and small heliocentric distances, is in contrast to those studied by Rubin et al. (2014) that have addressed a weak comet 67P/ Churyumov-Gerasimenko at larger heliocentric distances where a multi-fluid model is more appropriate. Previous separated chemical-MHD models used by Häberli et al. (1997) and Rubin et al. (2009) first computed a single-species MHD solution and then subsequently, based on the obtained flow field, solved the chemical reaction network along each individual plasma flow line. Our model has integrated MHD and chemistry into one set of controlling equations, although fewer minor species are included. Such multi-species models have been applied to the Mars' atmosphere (Ma et al. 2004) and to comet Halley at 1 AU (Jia 2007) . The H 2 O + abundance within 1 million kilometers (Mkm) has been studied by Häberli et al. (1997) . In contrast, we modeled water group ions in the long tail which extends to a distance of more than 200 Mkm.
The MHD equations in conservative form for the multispecies model are as follows: Biver et al. 2011; Combi et al. 2011, and Neugebauer et al. 2007) Case The first is the continuity equation, the second is the momentum equation, the third is the magnetic field induction equation, and the fourth is the energy equation. s r is the mass density of species s, m s is the mass of ion s, u the plasma velocity vector, u n the neutral velocity vector, B the magnetic field vector, and p is the plasma scalar pressure. s  and s  are the production and loss rates for species s and include photoionization, ion-neutral reactions, and electron recombination. s a represents (dissociative) ion-electron recombination coefficients for different ion species. n i is the total ion number density. f in is the ion-neutral non-reactive friction rate coefficient, which is 1.7 × 10 −9 cm 3 s −1 . p i and p e are the ion and electron pressures. Here we assume p i = p e = p/2. γ = 5/3 is the adiabatic index.
Following Jia (2007) Tables 3 and 4 . Most charge exchange reactions lead to changes in ion densities, plasma momentum, and plasma pressure. We would like to point out that symmetric charge exchange reactions similar to H 2 O + H 2 O + do not contribute to the continuity equation, but the pick-up ion still plays a role in decelerating the solar wind and heating the plasma, which can be seen from above equations.
The Cometocentric Solar Ecliptic coordinate system is adopted in the model with the x-axis pointing to the Sun. The simulation volume ranges from −16 to 16 Mkm for all cases except that at 0.75 AU as explained below. The y-axis lies in the plane containing magnetic field, and the z-axis completes the right-handed system pointing to the north of the Ecliptic plane. The comet is a point source sitting at the origin. An adaptive mesh, featured in the BATS-R-US code, is applied in all simulations to model the bow shock and the contact surface, because length scales can differ by several orders of magnitude. The highest grid resolution of 50 km is applied to the region near the contact surface and the inner shock. The cell size near the bow shock is on the order of 1000 km.
Special Treatment to Model the Long Tail
To compare with the Ulysses observations in the distant tail, we extend the computing domain to 256 Mkm (1.7 AU) Although the Ulysses/SWICS observations provides the abundance ratios along the crossing trajectory, its relative location to the comet tail cross section is not known. Values along several reasonably spaced lines are extracted from the model output, attempting to find the best agreement to the observations.
RESULTS AND DISCUSSION
Bow Shock Standoff Distances
We ran the multi-species model and reached the steady state for each of the heliocentric distances with the basic input parameters listed in Tables 1-4 . Model results show a bow shock exists at comet McNaught in all eight cases, while the subsolar standoff distances of the bow shocks vary. We also find the bow shock standoff distances are at least two orders of magnitude larger than the gyro-radius of the cometary pick-up ions, which validates our fluid approach. The model results, with analytic solutions, are listed in Table 5 .
The multi-species model results show that the bow shock standoff distances for all cases are on the order of 0.1 Mkm. The variation is not as significant as that in the production rates or solar wind densities. We can see the general trend from Table 5 that for cases with a comet heliocentric distance larger than 0.5 AU, the standoff distance decreases as the heliocentric distance increases. However, the cases at 0.3 and 0.17 AU do not follow the trend and a local minimum exists at 0.3 AU. It may reflect that there are competing factors in determining the bow shock standoff distance. Higher production rates, ionization rates, and dissociation rates can increase the distance, while higher solar wind fluxes can push the bow shock closer to the comet nucleus. Koenders et al. (2013) also discussed the influences of different parameters on the bow shock distance on a weak comet. Cometary bow shocks are formed because of the pickup ions, i.e., the mass-loading effect, which is quite different from the bow shocks at Earth or other magnetized planets. The following comparison between the model results and analytic solutions can shed light upon the differences.
The analytic solution is based on the characteristics of mass loading produced shocks which form where the mass flux ratio reaches a critical number. The ratio can be expressed as , where γ is the ratio of specific heats. Later Huddleston et al. (1992) applied this method with 6/5 as the critical ratio to predict the bow shock standoff distance of comet Grigg-Skjellerup, claiming it is a good estimation to mass flux ratios often observed by spacecraft. We used 6/5 as well to calculate the analytic solutions. Following Huddleston et al. (1992) , we assume the cometary ion flux at one point (x y , 0 0 ) is the ion production rate integrated along mass-load streamlines of upstream solar wind. For simplicity of calculation, the integral is taken from infinity. Then it can be written as 
where n i and u i are cometary ion number density and velocity respectively, λ is the ionization length scale and neutral decay length scale and can be calculated as u n l n = , where ν is the ionization frequency. x 0 and y 0 are in units of λ. Since we are looking for the point where the mass flux ratio arrives at its critical number on the comet-Sun line, y 0 is set to 0 and the solar wind flux is known, which leads to
where m i is the cometary ion mass and u c (ˆˆ) r is the critical mass flux ratio. We are then able to solve for x 0 , the lower bound of the integral. Following this approach, the shock standoff distance is obtained. The results are listed in the BS1 column in Table 5 .
They vary within one order of magnitude and ratios among the cases agree well with model results, indicating the results from the analytic solution reflect the same trend as the model results. It also should be noted that the BS1 results at distances farther than 0.75 AU are larger than the model by a factor of 2 or 3. And BS1 at 0.17 AU is only about half of the model result. The difference is probably caused by magnetic field, since BS1 method is mainly based on an hydrodynamic assumption. The plasma beta of the upstream solar wind, which is the ratio of thermal pressure to magnetic pressure (n k T B 2 Table 5 . When β is extremely small or the tangential component is relatively large, the condition is far from a hydrodynamic case. Otherwise, a hydrodynamic assumption is a good approximation, as in the cases at 0.3 and 0.5 AU. The other factor that might contribute to the discrepancy between BS1 and the multi-species model is the parameters used to calculate the background neutral density and the production rate of cometary ions. In BS1 method, the decay rate of neutral density and the ionization rate are assumed to be the same and both use 10 −6 s −1 . But in the multi-species model, we use various ionization rates and neutral dissociation rates (see Table 2 ). 
It is given by Galeev et al. (1985) as an approximation to BS1 when the bow shock standoff distance is much less than the ionization length scale. If the critical mass flux ratio is a constant, we can see that BS2 is proportional to Q u r n sw H 2 (( ) r , where r H is the heliocentric distance. For the same parameters as in Table 1 , one can find that the variation in BS2 is more than two orders of magnitudes. However, correction to the critical mass flux ratio can improve the performance.
Flammer & Mendis (1991) followed a MHD approach and presented an analytic solution for the critical mass flux ratio, which is a function of thermal pressure, magnetic pressure, and dynamic pressure of the undisturbed solar wind. Koenders et al. (2013) applied this solution and BS2 to predict the bow shock positions of comet ChuryumovGerasimenko. The results agreed with their hybrid model results fairly well and produced a better fit than a constant critical mass flux ratio. It may be because the assumption holds well for weak comets, while when it comes to comets with high production rates and smaller ionization length scales, especially for the case at 0.17 AU, the assumption breaks down. We do not include the complicated equations in Flammer & Mendis (1991) to take into account the effect of magnetic field for simplicity. Since BS1 solution without the correction can still produce a good fit to the model results, we think it is likely that this solution captures the essential physics underlying the formation of a mass-loading bow shock at comets.
Contact Surface Standoff Distances
The contact surface is a unique feature of the cometary plasma environment. It is usually located just outside the ionneutral coupling region where the ions are subject to ionneutral collisions. Inside the contact surface the cometary heavy ions are expanding radially outward at the velocity of the neutrals, while the heavily contaminated solar wind almost stagnates outside of the contact surface. As the boundary of the mass-loaded solar wind and the cometary ionosphere, the contact surface also prevents the solar wind magnetic field from penetrating into the cometary ionosphere. Therefore, the magnetic field piles up and the magnetic field lines drape around the contact surface. Inside the field becomes zero, thus creating a diamagnetic cavity. Because of the discontinuity in the almost stagnating solar wind and the radially supersonic cometary outflow, an inner shock exists near the inner boundary of the contact surface to terminate and divert the cometary ions toward the tail.
We tabulate the contact surface's subsolar standoff distances from the multi-species model together with analytic solutions in Table 6 . The modeled distance almost decreases monotonically as the heliocentric distance increases with the exception at 0.3 AU that has a standoff distance smaller than that at 0.5 AU. The trend is similar to that found for bow shock results. The variation is larger than that of the bow shock subsolar standoff distances. The length scale of the cavity at 0.17 AU is more than 100 times of that at 1.75 AU. This indicates that the standoff distance of the contact surface is more sensitive to the changes of the production rate and the neutral velocity than the bow shock.
The analytic solution was first derived by Cravens (1987) and improved by (Gombosi 2015) . It can be written as n is the ionization rate at 1 AU and r H is the heliocentric distance in the unit of AU. k in and α are ion-neutral collision and ion-electron dissociative recombination rate coefficients, respectively. Here we take the same form for the coefficients as in Cravens (1987) : k in = 1.1 × 10 −9 cm 3 s −1 and α = 1.21 × 10 −5 / T e cm 3 s −1
. The underlying physics is that the J B force and the ion-neutral friction balance each other at the contact surface. Since the formation of H 3 O + has a smaller chemical reaction time scale than the transportation time scale inside the contact surface, chemical equilibrium is assumed to calculate the ion and electron densities. A constant electron temperature of 200 K, which is a typical electron temperature near contact surface (Häberli et al. 1996) , is used in the calculation. And this approximated electron temperature is close to the electron temperature in the contact surface in our model, in which total ion temperature and electron temperature are assumed to be the same and are computed self-consistently. One can also notice that the analytic solution does not consider the magnetic field, because the original derivation assumes that the magnetic pressure in front of the contact surface is equal to the solar wind dynamic pressure. In addition, the ion pile-up region in front of cavity is neglected (Häberli et al. 1995) . From Table 6 , we can see that the analytic solution results (CS1) are able to produce the same trend for all cases. They are in good agreement with our model results for cases at distances larger than 0.75 AU. It can be explained by the assumption in the derivation, which does not include the magnetic field of the Note. The contact surface standoff distances from multi-species are listed in the column multi-species. CS1 is contact surface standoff distances calculated from the analytic solution. They are in units of 10 3 km.
solar wind and the pile-up in front of the cavity. However, the general agreement between the analytic solution and the model also indicates that most assumptions and approximations made above are reasonable. We list the ratios of the bow shock standoff distance to the contact surface standoff distance in Table 7 from the multispecies model and the analytic solutions. There is a clear trend in both model and the analytic solutions that the contact surface standoff distance relative to the bow shock standoff distance decreases, as the heliocentric distance of comet increases. This is also consistent with the model results of weak comets at very large heliocentric distances. Hansen et al. (2007) shows no contact surface is formed at comet 67P/Churyumov-Gerasimenko at 3.25 AU in either single-species MHD or Hybrid simulations. The ratios from the analytic solutions are at most 3 times larger than those from the model, which indicates the analytic solutions can be used to provide an upper bound of the ratio between the distances of the contact surface and the bow shock.
Water Group Ion Abundance Ratios
To model the composition and dynamics of the extremely long comet tail, two special treatments are made for the 0.7 AU case as mentioned in the Section 2: (1) elongate the computation domain; (2) apply a "spherical wave" boundary condition to allow for the realistic divergence of the solar wind over large distances. In Figure 1 , we present the global view of the total ion density, which highlights the extremely long ion tail. In the results we find the density of the background solar wind does drop with r 1 2 , as it should. With this modified boundary condition, the angle between the bow shock flank and the comet-Sun line spreads wider than that without the spherical expansion treatment.
In this section, we focus on the abundance ratios of water group ions close to the nucleus and in the distant tail. Figure 2 shows the modeled water group ion abundance ratios close to the nucleus. It can be easily seen that H 3 O + ions dominate inside and near the contact surface. Farther away, H 2 O + , OH + , and O + take their turns to be the major ion species in that order. It can be readily explained by where they are born. H 2 O + , OH + , and O + are mainly generated by photo-ionization, so they have highest densities if their parent neutral species is most abundant in that region. Figure 3 shows densities of neutral species as functions of cometocentric distances. We find the H 2 O density to be highest near the nucleus but it decays fastest, therefore H 2 O + is only concentrated in a relatively small region, as is H 3 O + because it is mostly produced by proton exchange reactions between H 2 O + and water molecules. In contrast, atomic O decays the slowest and constantly gets ionized to O + , so we can expect O + to have a very broad distribution and be dominant at distances far away from the comet. Figure 4 shows the modeled water group ion abundance ratios in the distant tail. H 3 O + and H 2 O + are concentrated in the center of the tail, while O + has highest relative abundance at the outer part. This is a natural outcome of the scale lengths of the original neutrals. The similarity of the abundance ratios between the near nucleus region and the distant tail implies that in this model each streamline preserves some information upstream that one can obtain downstream.
Next we examine the evolution of water group ions in different regions and try to establish the link between ions near the nucleus and far down the tail. As neutral densities decay exponentially due to the photo-chemical destruction and expand spherically with r 1 2 , they become very depleted at some distance away from the comet nucleus. For example, H 2 O, OH, and CO densities drop below 1/cm 3 around 1 Mkm. This can be seen from Figure 3 . The neutral-related reactions such as photo-ionization and charge-exchange are important within this distance. Here we define the area where all chemical reactions are active as the chemistry-active region. Beyond that distance down the tail, only electron recombination is significant. This region is defined as a chemistry-quiet region. Less complicated by other process, it is easier to analyze the asymptotic behavior in this region. From Table 4 down the tail in the chemistry-quiet region, one is able to trace upstream along the streamline and locate a point with the same ratio at the outer boundary of the chemistry-active region. It also implies the possibility to extrapolate the relative abundances at very large cometocentric distances if the chemical composition in the chemically active region is known. Here we should note that that streamline's ability to preserve the abundance ratio requires that streamlines do not interact with each other. But realistic solar wind conditions can change rapidly and there are turbulence and various wave activities, all of which are capable of twisting the streamlines and potentially mixing the chemical compositions.
Comparison with Ulysses Observations
To make an accurate comparison, we need to determine where the comet was when the observed water group ions were produced in the comet. Since there is a great uncertainty in the ion speed, our simple calculation shows that the comet might be at 0.5 to roughly 0.8 AU if the ion speed ranges from 200 to 800 km s −1 . Here we choose 0.7 AU, which can give the best match. The abundance ratios from the model and from the observed results published by Neugebauer et al. (2007) are listed in Table 8 . It can be seen that the species densities in our model are of the same order as those of the observations. The modeled abundance ratios are also close to the observational data.
We have also performed a simple calculation to approximate the relative abundance ratios that considers only one parent species, water, and neglects all charge exchange reactions. With the reaction rates for different products, we are able to calculate ratios between them. For instance, the ionization rate for H 2 O to produce H 2 O + is 5. In addition, we show the 1D profile of proton density, plasma velocity, and plasma temperature along three lines around x = −240 Mkm at y = 0, y = 5 and z = 0 Mkm in Figure 5 . The modeled proton density in the tail is lower than the ambient solar wind, which results from the bow shock's shielding effect. We can also find a clear bump in the 1D profile of proton density and temperature at z = 0 Mkm. But the bump is absent or not so obvious in other two lines. Our explanation is that the bump in z = 0 plane in the center is caused by the concentration of ions, which are originating from near the contact surface and confined by the draped magnetic field. The modeled proton density is in the similar range as the observation. The modeled ion temperature is on the same order of magnitude as obtained by Ulysses/SWOOPS and is higher than the ambient solar wind temperature. The plasma velocities from y = 0 and z = 0 Mkm show the center of the tail has the lowest velocity of about 100 km s −1 , which is lower than the 350 km s −1 observed by Ulysses. However, the velocity from y = 5 Mkm has a minimum velocity of 300 km s −1 . Therefore, it is likely that the Ulysses spacecraft did not pass the very center of the cometary tail but several million kilometers away from the center (cf. Figure 5 ).
SUMMARY
In this paper, we simulated the plasma environment of comet C/2006 P1 (McNaught) using a multi-species MHD model over a wide range of heliocentric distances from 0.17 to 1.75 AU. The model input parameters are taken from various published observations, which should lead to reasonably realistic model results. The solar wind interaction of the comet Figure 4 . Abundance ratios of water group ions in the distant tail (about 1.6 AU from the nucleus). The black solid lines with arrows represent streamlines. at various locations is characterized and typical subsolar standoff distances of the bow shock and the contact surface are presented. Analytic solutions of the bow shock and contact surface positions are also compared with the model results and show good agreement in general. These comparisons enable us to improve our understanding of the underlying physics of the plasma environment of the comet. In addition, we modified the computational mesh of the multi-species model for the case when the comet is at 0.7 AU so that it can be compared with the measured water group ion abundances from Ulysses/SWICS 1.7 AU down-tail from the comet and modeled velocity and temperature compared with the observations by Ulysses/ SWOOPS. The model results show reasonable agreement with the observed water group ion abundances as well as the specific species abundance ratios. In the future, more sophisticated models are needed, which are capable of modeling multi-fluids, pickup ions, waves, etc., to enable us to better understand the solar wind-comet interaction and further improve the datamodel comparison.
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